PROGRAM AND PROCEEDINGS

NCPV
Program
Review
Meeting

2000

April 16-19, 2000

Adam's Mark Hotel
Denver, Colorado




NOTICE

This report was prepared as an account of work sponsored by an agency of the United States government.
Neither the United States government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or reflect those of the United States
government or any agency thereof.

Available electronically at http://www.doe.gov/bridge

Available for a processing fee to U.S. Department of Energy
and its contractors, in paper, from:

U.S. Department of Energy

Office of Scientific and Technical Information

P.O. Box 62

Oak Ridge, TN 37831-0062

phone: 865.576.8401

fax: 865.576.5728

email: reports@adonis.osti.gov

Available for sale to the public, in paper, from:
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161
phone: 800.553.6847
fax: 703.605.6900
email: orders@ntis.fedworld.gov
online ordering: http://www.ntis.gov/ordering.htm

[ 4
'm’ Printed on paper containing at least 50% wastepaper, including 20% postconsumer waste



ZB/WZ Band Offsets and Carrier Localization in CdTe Solar Cells

S.-H. Wei and S. B. Zhang

National Renewable Energy Laboratory

1617 Cole Blvd., Golden, CO 80401

ABSTRACT

Using the first-principles band-structure method, we

studied systematically the stability and electronic structure of -

CdX (X=S, Se, and Te) semiconductors with the zinc-blende
(ZB) and wurtzite (WZ) crystal structures. We find that the
ground-state structure of CdS is WZ, whereas for CdSe and
CdTe, it is ZB. However, the total energy differences between
ZB and WZ CdX are very small, less than 9 meV/2-atom. CdX
in the WZ structure has a larger band gap than the one in the
ZB structure. The band alignment on the ZB/WZ interface is
type-II, with holes localized on the WZ side and electrons on
the ZB side. The predicted carrier localization in a mixed
ZB/WZ system can significantly affect device transport
properties.

1. Introduction

Unlike most III-V and II-VI semiconductors, CdX (X=S,
Se, and Te) compounds exist in both ZB and WZ structures or
in mixed ZB/WZ phases [1]. Depending on the growth
condition, one can stabilize one of the two crystal structures
either by epitaxial strain on proper substrates or buffer layers,
or by controlling the growth temperature. Understanding the
effects of this additional structure freedom in CdX is important
for making more efficient and reliable solar cells. In this work,
we systematically study the stability and electronic structure
of Cd  1I-VI compounds in both ZB and WZ phases and at
the ZB/WZ interfaces using the first-principles band-structure
method based on the local density approximation (LDA) [2].
We calculated (a) the equilibrium crystal structures of ZB and
WZ CdX semiconductors, (b) the band offsets at the ZB/WZ
interface for these Cd compounds, (c¢) the valence-band
splitting at the top of the valence band of WZ CdX, and (d) the
carrier localization of valence-band maximum (VBM) and the
conduction-band minimum (CBM) states in mixed ZB/WZ
systems. In the following, we describe the method of our
calculation and discuss the significant physics of the results.

2. Method of Calculations

The band structure and total energy calculations are
performed using the LDA, as implemented by the full-
potential linearized augmented plane wave (LAPW) method
[2]. Large numbers of k points for the Brillouin-zone
integration and high cut-off energies for the basis functions are
used to ensure that the total energy differences between the
WZ and ZB phases are converged to within 1 meV/2-atom.
All the structural parameters are fully relaxed to minimize the
total energy. The band structures are calculated at their
respective equilibrium lattice constants [3].

The valence-band offsets [JE(ZB/WZ) for compounds
CdX are calculated using the standard approach similar to the
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photoemission measurement [4]. In this approach, the valence-
band offset is given by

AE(ZB/WZ) = AEypm,c(WZ) - AEypm o(ZB) + AEcc. (1)

Here, AEvpm c(WZ)=Evpm(WZ)-Ec(WZ) is the core-level to
valence-band maximum energy separations for CdX in the WZ
structure, and AEqc=Ec«(WZ)-Ec(ZB) is the difference in
core-level binding energy between CdX in each side of the
ZB/WZ interface. We find that, even though the ZB and WZ
structures have very similar volumes and local structures, the
core-level difference AE¢ ¢ makes a significant contribution to
Eq. (1). Thus, it is necessary not only to calculate the bulk
CdX in the ZB and WZ phases, but also, to calculate the core-
state alignment across the ZB/WZ interface. The conduction-
band offsets can be obtained by using the relation
AE~AE.+AE,, where AE, is the band-gap difference between
the WZ and ZB phases.

3. Results

Although the ZB structure has the cubic space group and
the WZ structure has the hexagonal space group, the two
structures are in fact very similar; they start to differ only in
their  third-nearest-neighbor atomic arrangement. Our
calculation [3] showed that for CdX in the WZ structure, the
calculated c/a ratios and the internal structure parameters u are
very close to the ideal values of ¢/=1.633 and u=0.375,
respectively. Thus, the total energies and the direct band gaps
at the I point for ZB and WZ CdX are expected to be similar
[5]. Table I gives the calculated total-energy differences
AE(ZB/WZ), band-gap differences AE,(ZB/WZ), valence-
band and conduction-band offsets AE/(ZB/WZ) and
AE(ZB/WZ) between ZB and WZ CdX compounds, and the
valence-band splitting AE,g(WZ). We find the following
results:

(a) AE(ZB/WZ) is negative for CdS, but positive for CdSe
and CdTe. These results indicate that at low temperatures CdS
is stable in the wurtzite structure, whereas CdSe and CdTe are
stable in the zinc-blende structure. However, the total energy
differences between the WZ and ZB structures are very small.
They are -2, 2, and 9 meV/2-atom. The increase of
AE(ZB/WZ) as anion atomic number increases from S to Se to
Te is consistent with the fact that as anion atomic number
decreases, the compound becomes more ionic, thus stabilizing
the WZ structure which has a larger Madelung constant than
the ZB structure.

Due to the small energy differences between the ZB and
WZ phases, the actual crystal structure of Cd compounds is
highly dependent on the substrate orientation, growth

temperature, and history of annealing. As a test, we calculated
the total energy difference AE(ZB/WZ) of CdTe strained on a



Table I. Calculated total energy differences AE(ZB/WZ)
(in meV/2-atom), band-gap differences AE,(ZB/WZ), band
offsets AE(ZB/WZ) and AE.(ZB/WZ) and the valence-band
splitting AE »p in the WZ (all in meV).

Properties Cds CdSe CdTe
AE(ZB/W2Z) -2 2 9
AE(ZB/WZ) 69 59 47
AE(ZB/WZ) 46 35 18
AE(ZB/WZ) 115 94 65

AEAp 18 33 53

WZ CdS (0001) substrate. In this calculation, the lattice
constants in the plane are fixed to the one for equilibrium
bulk CdS, while the lattice constant perpendicular to the
substrate is free to relax. We find that [1E(ZB/WZ) is reduced
from 9 meV/2-atom for bulk CdTe to zero for the epitaxial
CdTe, suggesting that epitaxial CdTe can form more easily in
the WZ structure than bulk CdTe can.

(b) The band gaps of the WZ structure are 69, 59, and 47
meV larger than those in the ZB structure for CdS, CdSe, and
CdTe, respectively. The increase of the band gap in the WZ
structure is due to lower symmetry in the WZ structure, which
results in a coupling between the CBM TI'j. state and the
splitting VBM TI'}, state [5]. The level repulsion between these
two states leads to an upward shift of the CBM, thus,
increasing the band gap of the WZ structure. The level
repulsion also contributes to the crystal-field splittings at the
VBM.

(c) The calculated valence-band splittings AEAp(WZ)
between the Ty, (A) and the I'5, (B) states are 18, 33, and 53
meV for CdS, CdSe, and CdTe, respectively. The increase of
AE sg(WZ) as anion atomic number increases can be explained
by the fact that as anion atomic number increases, the band
gap decreases; thus, the coupling between the CBM and the
I'7, (B) state becomes larger, pushing the I';, (B) state down.
Our LDA calculated results can be compared with
experimental values [1] of 15 and 25 meV for CdS and CdSe,
respectively. It shows that LDA overestimate the splittings by
about 25%, consistent with the LDA underestimation of the
band gaps.

(d) Due to the crystal-field splitting in the WZ structure,
the VBM of the WZ structure is higher than the VBM of the
ZB structure. The calculated valence-band offsets between the
ZB and WZ structures are 46, 35, and 18 meV, respectively,
for CdS, CdSe, and CdTe, decreasing as anion atomic number
increases. Using the calculated band-gap differences
AE(ZB/WZ), the conduction-band offsets are 115, 94, and 65
meV, respectively, for CdS, CdSe, and CdTe. The CBM on
the WZ side is higher. This type-II band alignment indicates
that in a sample with mixed ZB and WZ phases, the hole state
will localize on the WZ region, whereas the electron state will
localize in the ZB region. The charge localization will be more
significant for the VBM state because the hole effective mass
is much larger than the electron effective mass. The degree of
the carrier localization decreases as the anion atomic number
increases, because [1E(ZB/WZ) and [1E.(ZB/WZ) decrease
from CdS to CdSe to CdTe. These expectations are confirmed
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[3] by examining our calculated plane-averaged charge
distribution of the VBM and CBM of (ZB)¢/(WZ)s superlattice
for CdS, CdSe and CdTe .

The predicted band alignment and carrier localization in
a mixed ZB/WZ system are expected to have significant
effects on the electronic and transport properties of Cd
compounds and the affect their device applications. For
example, in a p-CdTe/n-CdS solar cell, formation of a thin-
layer WZ CdTe on the WZ CdS substrate (Fig. 1) can reduce
the minority-carriers (electrons in CdTe and holes in CdS)
collection, thus reducing the cell efficiency. This is because
WZ CdTe has a higher VBM than ZB CdTe. Thus, holes
generated in CdS will be trapped in WZ CdTe before they can
be collected by ZB CdTe. On the other hand, ZB CdTe has a
lower CBM than WZ CdTe. The electrons have to overcome
an unfavorable spike before they can be collected by CdS. The
effect of minority-carrier trapping will be even larger if the

CBM
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.cdT
P ¢  vBM

WzZ 2ZB
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Fig. 1. Schematic plot of the band alignment at the
n-CdS/p-CdTe interface.

WZ CdTe near the interface is strained on the WZ CdS
substrate because the epitaxial strain will move up the VBM of
WZ CdTe by 0.53 eV and the CBM by 0.30 eV, thus
enhancing the energy barriers (Fig. 1).
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